Abstract Ergosterol, an important component of the fungal cell membrane, is not only essential for fungal growth and development but also very important for adaptation to stress in fungi. Ergosterol is also a direct precursor for steroid drugs. The biosynthesis of ergosterol can be divided into three modules: mevalonate, farnesyl pyrophosphate (farnesyl-PP) and ergosterol biosynthesis. The regulation of ergosterol content is mainly achieved by feedback regulation of ergosterol synthase activity through transcription, translation and posttranslational modification. The synthesis of HMG-CoA, catalyzed by HMGR, is a major metabolic check point in ergosterol biosynthesis. Excessive sterols can be subsequently stored in lipid droplets or secreted into the extracellular milieu by esterification or acetylation to avoid toxic effects. As sterols are insoluble, the intracellular transport of ergosterol in cells requires transporters. In recent years, great progress has been made in understanding ergosterol biosynthesis and its regulation in Saccharomyces cerevisiae. However, few reviews have focused on these studies, especially the regulation of biosynthesis and intracellular transport. Therefore, this review summarizes recent research progress on the physiological functions, biosynthesis, regulation of biosynthesis and intracellular transportation of ergosterol in S. cerevisiae.
Introduction
Sterols, macromolecule alcohol compounds that are types of steroids exist widely in nature, and play a major role in the composition of the cell membrane, which can regulate cell membrane fluidity and permeability, membrane-bound enzyme activity and membrane integrity [1] . Depending on their source, natural sterols can be divided into animal sterols, phytosterols or fungisterols. Often, animal sterols refers to cholesterol, which is an important and indispensable component of animal cells; cholesterol is not only involved in cell membrane formation, but also required for the synthesis of bile acids, vitamin D and steroid hormones, and can also be converted into bile acid or steroid hormones by metabolism [1] . Phytosterols mainly include stigmasterol, sitosterol, campesterol, oat sterols and spinach sterols. These are not only essential for plant growth and development but also important for stress adaptations. Beyond phytosterols, cholesterol has also been found to exist in plant seeds, roots, stems and leaves [2] . Fungisterol mainly refers to ergosterol, which is an important and specific component of the fungal cell membrane [3] and has been widely used as a marker to assess fungal biomass [4] . More importantly, ergosterol and some of its biosynthetic intermediates are important metabolites of great economic value. In the pharmaceutical industry, ergosterol is a precursor of vitamin D2 and steroid hormone drugs [5] . For example, cortisone and progesterone can be produced from ergosterol [6, 7] . Steroid drugs have important physiological activities and are the second most used clinical drugs after antibiotics; converted vitamin D2 can also be used as a feed additive to increase the oviposition and hatching rate of poultry [6, 7] . In recent years, new functions of ergosterol have been found. For example, 11-dehydroergosterol peroxide has significant antitumor activity and several compounds with anti-HIV activity are structural analogues of ergosterol [8, 9] . Therefore, ergosterol has broad application as an important precursor for the development of new anti-cancer and anti-HIV drugs, promoting further study of the biosynthesis, metabolism and regulation of fungal sterols. In this review, the latest advances in the ergosterol biosynthesis, metabolism, transportation and its regulation are summarized.
The Physiological Function of Ergosterol
Ergosterol is an important component of the fungal cell membrane, where it stabilizes membrane structure through binding to phospholipids and regulating membrane structure fluidity, permeability, and membrane-bound enzyme activities, as well as substance transportation [10, 11] . Ergosterol can also affect the absorption and utilization of nutrients by regulating membrane-bound ATPase activities and regulate transportation efficiency of phospholipases by affecting the mobility of the cell membrane [12] . Ergosterol can be stored in lipid droplets in the cytoplasm in the form of steryl ester, which can serve as a sterol pool to maintain the balance of intracellular sterols [13] . Moreover, ergosterol can stimulate the growth and proliferation of fungi, and is regarded as a 'fungal hormone' [14] . Meanwhile, ergosterol also plays an essential role in stress adaptation during fermentation. It has been found that the ability of yeast to tolerate stress is closely related to ergosterol levels. For example, the ergosterol content of yeast that are resistant to freezing and low-sugar conditions is higher than that of common yeast; and under alcohol treatment, S. cerevisiae can increase ergosterol content in the cell membrane to suppress the membrane damage and maintain normal membrane permeability [15] . Similar results were obtained in S. cerevisiae erg6 mutant, where ergosterol content in the cell membrane was decreased and the cells became more sensitive to alcohol stress [16] . Exogenous application of ergosterol during the brewing process can significantly increase the tolerance of S. cerevisiae to alcohol [17] . Another example is the expression of mushroom C-5 sterol desaturase in fisson yeast, which can enhance its tolerance to ethanol and increased temperature [18] . In yeast, when the ergosterol biosynthesis pathway is blocked by drug treatment or mutation of biosynthesis genes, its salt and drug tolerance is significantly decreased. For example, ergosterol biosynthesis defective yeast are more sensitive to lactones and oxidative stress [19, 20] , while the addition of exogenous ergosterol in the medium can increase the resistance of S. cerevisiae to oxidative stress [21, 22] .
Studies have also revealed that the exogenous application of ergosterol can increase the tolerance of S. cerevisiae to D-limonene [23] . Furthermore, sterol levels are also very important for the hypoxic response and temperature stress in S. cerevisiae. Hypoxic conditions result in the disruption of S. cerevisiae growth and fermentation and yeast can activate their ergosterol biosynthesis pathway to increase sterol biosynthesis and promote its growth [24] . When ergosterol biosynthesis was blocked in a range of mutants, including erg10, erg11, erg19 and erg24, S. cerevisiae was temperature-sensitive lethal [25] .
Ergosterol Synthesis Pathway
Great progress in the understanding of ergosterol biosynthesis has been achieved in yeast and other fungi. This pathway is a complex process and involves the participation of many enzymes. The ergosterol biosynthesis pathway consumes a considerable amount of energy. In yeast, the biosynthesis of one molecule of ergosterol requires the consumption of at least 24 molecules of ATP and 16 molecules of NADPH. The ergosterol biosynthetic pathway in S. cerevisiae is shown in Fig. 1 and all the enzymes involved in this process are shown in Table 1 . According to the characteristics of the intermediate products, the biosynthesis pathway can be divided into three modules, which are mevalonate biosynthesis, farnesyl-PP biosynthesis and ergosterol biosynthesis. In the first module, there are three steps. Ergosterol biosynthesis starts with condensation of two acetyl-CoA molecules to produce acetoacetyl-CoA and this step is catalyzed by acetoacetyl-CoA thiolase (ERG10) and takes place in the vacuole. The condensation of a third acetyl-CoA to acetoacetyl-CoA is catalyzed by hydroxymethylglutaryl-CoA synthase (ERG13) to yield 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). HMGCoA is further reduced to mevalonate by the HMG-CoA reductases (HMG1 and HMG2) and these two reactions take place in the mitochondria [26, 27] . The first module is conserved across all eukaryotes [28] . The second module involves the biosynthesis of farnesyl pyrophosphate from mevalonate. This process involves six reactions carried out in vacuoles and this process is catalyzed by ERG12, ERG8, ERG19, IDI and ERG20, successively [27] . ERG20 can catalyze 2 reactions shown in Fig. 1 . All the functions of these enzymes are listed in Table 1 . Farnesyl-PP is a very important intermediate metabolite in cells, which can be used for the synthesis of various substances in different metabolic pathways catalyzed by different enzymes. For example, farnesyl-PP is a common intermediate for the biosynthesis of sterols, benzoquinone and hemoglobin [28] . Inhibition of the biosynthesis of farnesyl-PP results in cells failing to synthesize many important metabolites, causing cell death [29] . The third module involves the steps from farnesyl-PP to ergosterol, which contains 15 steps and these reactions mainly occur in the endoplasmic reticulum (ER) [28] . The first is the conversion of farnesyl-PP to squalene, followed by the formation of lanosterol by squalene cyclization and after a series of reactions, lanosterol is transformed into ergosterol [27] .
Compared with the first two modules, the third module is more complex and requires more enzymes. Based on whether the biosynthesis gene is required for yeast survival, the ergosterol biosynthesis genes are divided into essential and non-essential genes [30] . Some genes involved in the early steps of ergosterol biosynthesis, such as ERG9, ERG1, ERG7, ERG11, ERG24, ERG25, ERG26, ERG27 are essential genes, while others are regarded as non-essential genes. Of the essential genes, ERG9 encodes squalene synthase, which uses two farnesyl-PP molecules to form one molecule squalene, the first sterol-structured molecule and also the direct precursor of ergosterol biosynthesis. ERG1 and ERG7 encode squalene epoxidase and lanosterol synthase, respectively, which are two important, unique and essential enzymes in the ergosterol synthesis pathway. ERG11, also known as Cyp51, encodes a microsomal and membrane-bound protein, which functions as a lanosterol 14 alpha demethylase of the cytochrome P450 family. ERG24 encodes C-14 reductase localized on the ER and plasma membrane, which catalyzes the reduction of 4,4-dimerhylcholesta-8,14,24-trienol to 4,4-dimethylzymosterol. ERG25 (encoding C4 sterol methyl oxidase), ERG26 (encoding sterol C-4 decarboxylase), and ERG27 (encoding sterol C-3 keto reductase) are oxidoreductases that are localized to the ER, and are likely to form a demethylation complex to catalyze the final steps of zymosterol synthesis [30] . At present, mutants in these essential yeast genes have been isolated, but most of these mutants are temperature-sensitive and only grow in the medium supplied with exogenous ergosterol under aerobic conditions. Although the non-essential genes are not essential for yeast survival, recent studies revealed that these genes, including ERG28, ERG2, ERG6 and ERG3-5, also regulate ergosterol biosynthesis and yeast growth and development. For example, mutation of ERG6, which encodes a C-24 methyltransferase that catalyzes the conversion of zymosterol to coprosterol, is not lethal, but results in a severely deficient growth and development phenotype, while overexpression of ERG6 increases ergosterol content [31] . The disruption of ERG28, which encodes a scaffold protein that mediates the formation of the ERG25/ERG26/ERG27 enzyme complex, also leads to the slow growth of yeast [32] . The last steps of ergosterol biosynthesis are catalyzed by ERG3/ERG4/ERG5. Probably because the previously biosynthesized intermediates can partially perform the functions of ergosterol, mutations of these genes do not affect yeast survival. However, they do show some interesting phenotypes. For example, erg3 mutant is not lethal, butthe strain cannot grow on media without a fermentable carbon source, while other some of erg3 mutants are sensitive to low temperature but insensitive to sterol synthesis inhibitors, suggesting that there may be another compensatory branch that can synthesize ergosterol [33] . While mutations of non-essential genes do not affect the survival of yeast, they do change the composition of the cell membrane, which also affects membrane potential, salt tolerance and drug resistance [34] .
Regulation of Ergosterol Biosynthesis
Ergosterol is an essential component of the fungal cell membrane and cellular levels of ergosterol directly affect various functions of the membrane. Ergosterol is the main sterol of fungi and it carries out a variety of important cellular functions. The implementation of each function occurs over a specific concentration range. Therefore, ergosterol content is strictly regulated so that it is maintained at an appropriate level in cells. The regulation of ergosterol content is mainly achieved by feedback regulation of ergosterol synthetase activities at the transcriptional, translational and posttranslational levels. The synthesis of HMG-CoA catalyzed by HMGR is a major metabolic check point for ergosterol biosynthesis [35] . In S. cerevisiae, excessive sterols can induce the degradation of HMG-CoA reductase (HMGR) through the proteasome degradation pathway, decreasing the synthesis of mevalonate and resulting in the down-regulation of sterol synthesis. The proteasome recognition process of HMGR is mediated by the ER-related degradation (ERAD) pathway, and the ERAD process activates HMGR degradation mainly through the recognition of specific sterols by HRD1 and the chaperone proteins NSG1 and NSG2 [36] . The activity of ubiquitin ligase DOAl0 in the ERAD process is regulated by lanosterol levels and is essential for the degradation of ERGl [37] . Thus, ERAD plays an important role in maintaining cellular sterol homeostasis. A simple diagram of ERAD regulation of sterol biosynthesis is shown in Fig. 2a .
As the process of sterol biosynthesis requires oxygen, the biosynthesis of sterols is also affected by oxygen concentration. Under low oxygen conditions, cells cannot synthesize ergosterol and sterols are absorbed from the external culture environment. However, when oxygen is sufficient, cells only use ergosterol that they biosynthesize [38] . Recent studies have also found that under hypoxic conditions, the transcription factors ECM22 and UPC2 can bind to the promoter region (also known as sterol regulatory element, SRE) of the sterol biosynthesis genes to promote their expression [24] . Meanwhile, UPC2 can also induce the expression of ATP-binding transporter, AUS1 and PDR11, thereby promoting yeast to take up sterols from the environment [39] . Other environmental factors including oxidation, ethanol stimulation and iron availability also affect ergosterol biosynthesis. For example, ergosterol biosynthesis was disrupted when S. cerevisiae was grown in iron-deficient media, as squalene and lanosterol accumulated, and further studies showed that the expression levels of ERG1, ERG11, ERG3 and ERG25 were altered in iron-deficient media [40] [41] [42] . A simple diagram of environmental factors that regulate sterol biosynthesis is shown in Fig. 2b .
The various enzymes in the ergosterol biosynthesis pathway mutually cooperate to regulate ergosterol content. For example, when ERG27 is blocked, the accumulated intermediates are squalene, epoxy squalene and polyepoxyl squalene but not lanosterol, which is similar to that in erg7 mutant, indicating that there is an interesting relationship between ERG7 and ERG27 [35] . Further studies revealed that ERG27 can interact with ERG7 and promote an association between ERG7 and lipid particles to prevent ERG7 from being digested; and in lipid particles ERG7 activity is regulated by ERG27 [43] . Similarly, erg24mu-tant cannot grow in nutrient-rich media such as YEPD, but can grow in synthetic complete medium rich with Ca 2? . However, when ERG24 and ERG4 are mutated simultaneously, the double mutant can grow neither in YEPD nor in synthetic complete medium rich with Ca 2? , and similar phenomena also exist between ERG24 and three other genes ERG3, ERG5 and ERG6 [44] . Moreover, intracellular transportation of ergosterol can also regulate the expression of ergosterol synthetase (described below).
As ergosterol biosynthesis is both regulated by environmental factors and biosynthesis regulated genes, the engineering of metabolic pathways and optimization of culture conditions are the two main methods to increase ergosterol productivity [45] . For example, the overexpression of sterol biosynthesis genes (such as ERG1, ERG4, EGR9 and ERG11) or the sterol acyltransferase ARE2 (described below) can significantly increase ergosterol biosynthesis [46] , and oxidative-fermentative growth combined with ethanol stimulation can also increase ergosterol productivity [45] . Thus, the regulation of ergosterol biosynthesis is a complex process regulated by multiple factors.
Intracellular Transportation of Ergosterol
There are a variety of regulatory mechanisms that regulate the homeostasis of intracellular sterols. However, under aerobic conditions, yeast cells can still synthesize excessive sterols. Yeast cells are unable to degrade sterol. Therefore, to maintain sterol homeostasis and eliminate the toxic effects of excessive sterols, sterols can be converted to steryl esters (SE) and stored in lipid droplets or used to form sterol acetates and secreted into the extracellular matrix [13] . The formation of SE is catalyzed by two enzymes, ARE1 and ARE2, which share about 50% sequence homology but have different substrate specificities. Both enzymes can use ergosterol as a substrate, but ARE1 prefers to use esterified sterol intermediates, such as lanosterol, as a substrate [46] . Normally, ARE2 is the major SE synthase, but under anaerobic conditions, its biosynthesis is blocked and esterification catalyzed by ARE1 is enhanced [47] . In an ARE1 ARE2 double mutant, the biosynthesis of SE is completely inhibited. However, the double mutant does not show any growth defects despite changes in the total sterol pattern. In the double mutant, overall sterol biosynthesis is decreased, but the level of free sterols is increased indicating that SE formation can also regulate sterol biosynthesis [45] . Indeed, further studies have shown the expression of ERG3 is down-regulated and ERG1 is destabilized, leading to a block in sterol synthesis in the double mutant [48] . It was also found that overexpression of sterol ERG4 and ARE2 can significantly increase ergosterol biosynthesis [45] . Acetylation of ergosterol is a reversible process. Acetylation is catalyzed by alcohol acetyltransferase (ATF2) and deacetylation is catalyzed by sterol deacetylase (SAY1). Both ATF2 and SAY1 are localized to the ER [49] . During the process of extracellular secretion, acetylated sterols need to be transported to the plasma membrane. The transportation process requires PRY (pathogen-related yeast) protein which can combine with acetylated sterols, making them soluble and facilitating their secretion [13] .
Newly formed sterols are transported to different organelles. Usually, the transportation of newly synthesized sterols from the ER to the plasma membrane (PM) is performed by vesicle flux through the secretory pathway conditions, transcription factors ECM22 and UPC2 bind to the sterol regulatory element (SRE), promoting expression of sterol biosynthesis genes; UPC2 can also induce AUS1 and PDR11 expression, promoting yeast to uptake sterols from the environment. Oxidation, ethanol stimulation and iron availability can also promote expression of sterol biosynthesis genes to increase ergosterol content. Dotted arrow indicates unknown mechanism [50] . However, in yeast vesicle transport defective mutant SEC18, the transportation of ergosterol from ER to PM was normal, indicating that there are two sterol transportation pathways in the cell, including vesicular transport and nonvesicular transport [50] , and both types of sterol transportation consume ATP [51] . As sterols are insoluble in aqueous solutions, the intracellular transport is performed by direct contact of the endomembrane system or in combination with transporters. In mammals, oxysterolbinding proteins (OSBP) can serve as transporters to make sterols transiently ''soluble' and move them to their target sites [52] . In yeast, seven proteins homologous to mammalian oxysterol-binding proteins have been identified, named OSH1-OSH7, and most of the OSH proteins are located at membrane contact sites [53] . When all the seven genes are deleted, yeast cells cannot survive and the intracellular ergosterol content is increased [54] . Recent studies have also found that OSH proteins are involved in the regulation of intracellular sphingolipid homeostasis. For example, when OSH4 was inactivated, the intracellular sphingolipid composition changed significantly, resulting in significant changes in cell membrane structure [55] .
Another protein associated with sterol transportation and exogenous sterol uptake is ARV1. In mammals, ARV1 deletion results in increased steroid content in the ER and vesicular membrane [56] . An ARV1 homologue is also present in yeast and the sphingolipid composition can also be altered in arv1 mutant. Studies have also found that ARV1 can act as a protective factor against fat toxicity caused by changes in fat metabolism [57] . Studies in human cells have identified two steroid transporters, NPC and NPC1. Mutation of these transporters leads to cholesterol accumulation in lysosomes, resulting in degenerative C-type Niemann disease [58] . In yeast, the homologous proteins, NCR1 and NCR2 have also been identified. They can complement the corresponding phenotype of human cells; however, NCR1 and NCR2 knockout yeast cells do not display any growth defect or ergosterol distribution defect phenotypes [59] [60] [61] .
Conclusion and Future Perspectives
Ergosterol is not only essential for the growth and reproduction of fungi, but also important for stress adaptation and can be used as a direct precursor for the production of steroidal drugs. Thus, it is important to study the ergosterol biosynthesis pathway. Studies on ergosterol biosynthesis in yeast and fungi have greatly improved our understanding of this pathway. This review has summarized current progress on the physiological functions, biosynthesis, biosynthesis regulation and intracellular transportation of ergosterol in S. cerevisiae. At present, yeast fermentation is the main method for ergosterol production. Changing metabolic flux of ergosterol by molecular biology is an effective way to enhance ergosterol yields by fungal fermentation [62] . Various strategies have been used to enhance the ergosterol content in yeast. These strategies include genetic manipulation of the ergosterol biosynthesis pathway, screening for high-ergosterol strains, or the optimization of fermentation conditions [45] . Besides ergosterol, intermediates of the ergosterol pathway, such as lanosterol and zymosterol, are also economically interesting sterol metabolites that can be used as emulsifiers for cosmetics and precursors for the production of cholesterol lowering substances [63] . Genetic modification of the ergosterol pathway can be used for the production of lanosterol and zymosterol. For example, overexpression of ERG1 and HMG1 resulted in accumulation of lanosterol and deletion of ERG2 and ERG6 resulted in the accumulation of zymosterol [64] . By studying the ergosterol biosynthesis pathway in S. cerevisiae, metabolic engineering has been used for steroids and terpenoid production. For example, overexpression of HMG1, ERG20, and UPC2 can be used to produce all terpene classes; replacement of ERG9 promoter with a repressive methionine promoter can be used to produce mono-, di-and sesquiterpenes. Site-directed mutagenesis of ergosterol biosynthesis or biosynthesis regulatory genes can also be used to produce these products [63, 64] . For example site-directed mutagenesis of UPC2 (G888A), ERG20 (K197G), and HMG2p (K6R) can be used to produce all classes of terpenes, monoterpenes, and mono-, di-, sesquiterpenes, respectively [63, 64] . Therefore, the study of ergosterol biosynthesis not only provides new ideas for enhancing ergosterol production, but can also be used for the production of other economically interesting steroids and terpenoid molecules.
